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s the miniaturization trend continues in the semiconductor manufacturing industry, atomic layer deposition has received much attention in recent years due to its ability to obtain atomic layer control of film growth [1] [2] . ALD operates by alternating exposure of a surface to vapors of two or more chemical reactants to deposit an atomic layer film on the surface. As needed, the deposition process can be repeated to obtain a film layer for a specific thickness. ALD can deposit highly uniform and conformal thin films on extremely complex surfaces [3] , and accordingly, has potential applications on a wide variety of electronic products including CMOS chips, flat panel display, optical filters, etc. [4] . 
In atomic layer deposition, the film thickness increment and surface roughness profiles depend on the chemical reaction process on the surface of the silicon wafer. Reaction sufficiency relies on the concentrations of the reactants in the ALD reactor and the process temperature. In ALD operations, after a surface reaction is completed, the excessive precursor must be completely removed from the reactor before the other precursor is introduced. An effective growth of Al 2 O 3 by ALD requires the exposure and purging both to be adequately sufficient.
MATERIAL FLOW ANALYSIS
In ALD operation, the supplied amount of precursor materials should be optimally determined to ensure their best utilization, which would consequently improve both the economic and environmental performance of the ALD technology. Material flow analysis is conducted on the ALD process at three precursor supply patterns. Material utilization efficiencies of both precursor materials are obtained for each supply pattern and material flows of the precursors in the whole ALD system are quantitatively investigated. As assessed, the material utilization efficiencies of both precursors are below 20% in these ALD operations. The utilization of precursors in current ALD system is mainly limited by the small surface area ratio between silicon wafer and the ALD reactor. In the ALD process, methane is the principal emission. The generation mechanism of methane in the ALD process is identified and the emission from a single Al 2 O 3 film deposition process is quantitatively presented.
ENERGY FLOW ANALYSIS
During operation, the whole ALD system needs to be heated to maintain the vapor phase of each precursor reactant, and meanwhile, to supply the activation energy to the chemical reaction. The energy consumed by ALD not only dictates its economic performance but also produces indirect emissions from the power generation and supply industry. Here we conduct a detailed energy analysis for the ALD of Al 2 O 3 film based on the experiments as described in the process characterization part.
Energy consumption of ALD is assessed through measuring power of each ALD sub-process and component. Energy flows in this ALD system is quantitatively studied. The total energy consumed in ALD of a 20 nm Al 2 O 3 film is approximately 1.2 MJ, with 42.7% used for system heating, 32.8% used for pumping, and 24.5% used by electronics for process monitoring and system control. When considering the processing capacity of the ALD module in a batch production, the energy consumption of ALD is approximately 0.7 MJ/wafer only for 20 nm film applications.
